INTRODUCTION
Pulmonary hypertension (PH) is a condition characterised by elevated pulmonary arterial pressure (PAP), and is associated with fatigue, syncope, angina and progressive exertional dyspnoea. It is defined as a mean resting pulmonary arterial pressure (mPAP) of ≥25 mm Hg, measured by right heart catheterisation (RHC). 1 PH is characterised by vascular remodelling, with a consequent increase in PAP, resulting in increased right ventricular afterload. 2 3 The ability of the right ventricle to adapt to the increased right-sided afterload is key to prognosis. 3 4 Strengths and limitations of this study ▪ To the best of our knowledge, this is the first clinical trial evaluating the effect of an outpatient rehabilitation programme (OP REH) on right ventricular ejection fraction measured by cardiac MRI. ▪ We will also be measuring the effect of an OP REH on haemodynamic parameters as assessed by right heart catheterisation. ▪ The nature of the OP REH reflects 'real-world ' conditions generalisable to routine clinical practice (1 hour, twice weekly, for 12 weeks). ▪ Although participants are not blinded to their allocated treatment group, all study personnel are blinded. ▪ The short follow-up period for this study (6 months ) is a limitation; however, we were limited by budget constraints.
Patients with PH generally have a poor prognosis 5 in particular patients with pulmonary arterial hypertension (PAH). Median survival of patients with PAH is between 2 and 3 years. 6 Underlying aetiology is an important prognostic factor, with scleroderma-related PAH (a subtype of PAH) having a worse prognosis. [7] [8] [9] PAH is a precapillary subtype of PH, with additional haemodynamic criteria of pulmonary artery wedge pressure ≤15 mm Hg and pulmonary vascular resistance (PVR) >3 Wood units. 10 The focus of this study is patients with PAH.
Exercise has not previously been recommended in patients with PAH, particularly in patients with more advanced disease, due to safety concerns. 11 However, exercise training has been shown to be safe in patients with PAH, 12 and current European guidelines recommend exercise training and rehabilitation in experienced centres for patients with PAH who are clinically stable, on optimal pharmacological treatment (grade IIa, level B). 1 The first major study involving patients with PH ( patients with PAH and chronic thromboembolic PH) showed that exercise was beneficial. Thirty participants were randomised to either exercise training or a control group (education on healthy nutrition, muscular relaxation). 13 The exercise training group underwent an intensive 3-week inpatient programme of a minimum of 2 hours/day of exercise (strength and endurance training, and respiratory muscle exercises) and education (healthy nutrition, muscle relaxation). This was followed by a 12-week home exercise programme (HEP). The exercise training group had a marked improvement in 6 min walk test (6MWT) distance compared with the control group, with mean between-group difference of 111 m (95% CI 65 to 139; p<0.001). Quality of life (QOL), measured by the Short Form-36 (SF-36), 14 also improved in the exercise training group. Seventeen more studies examining the effect of exercise training on PH have been published up to June 2016, since the above landmark study in 2006. These studies are generally small in size, and are of varying quality (only six randomised controlled trials (RCTs)). 15 Several studies 12 16-22 using the Mereles et al 13 inpatient protocol (described previously) reported improvement in a number of outcome measures, including 6MWT and QOL. The largest RCT of these studies (n=87), recently published by Ehlken et al 20 has further added to the current body of knowledge by showing that exercise training using the Mereles et al inpatient protocol improved haemodynamics.
However, it is difficult to replicate the intensity of this inpatient exercise programme in routine clinical practice due to limited resources and personnel. In the Australian context, the Mereles et al protocol is not currently widely available due to cost constraints. Cardiac and pulmonary rehabilitation programmes in Australia are usually run by public hospital outpatient services or community settings, two to three times per week at minimal or no cost to patients. 23 24 A more achievable programme of exercising two to three times per week for 1 hour per session may still have beneficial effects on walk distance, [25] [26] [27] [28] [29] [30] peak oxygen consumption, 26 QOL, self-reported symptoms, 27 fatigue and activity levels. 28 We have therefore designed this study with 'real-world' conditions in mind to ensure broad generalisability. Given anxiety and depression are important factors associated with dyspnoea, 31 we have chosen to include a structured psychology intervention as part of the outpatient rehabilitation programme (OP REH) to address this.
Hypotheses
We hypothesise that an OP REH (involving endurance training, respiratory muscle training (RMT) and structured psychology intervention) will have beneficial effects on cardiac remodelling (reflected in an improvement in right ventricular ejection fraction (RVEF)), haemodynamics, strength and endurance, and QOL. We hypothesise that these benefits will be due to improved right-sided cardiac function as determined by an improvement in RVEF.
The key difference of this study compared with previous studies is the inclusion of cardiac MRI (cMRI) and haemodynamics, as well as other secondary outcome measures (as listed below) that will help elucidate the mechanism of improvement of exercise training. If secondary outcome measures increase despite no improvement in RVEF, this would suggest that other mechanisms are responsible for the improvement in exercise capacity.
Objectives
To assess whether the 'real-world' frequency of OP REH available in Australia (ie, 1 hour, twice weekly, for 12 weeks) has a beneficial effect on: 1. Cardiac function (RVEF and volume as assessed by cMRI); 2. Haemodynamics, measured by RHC, the gold standard for assessing PAH; 
METHODS AND ANALYSIS Study design
The study is designed as a dual-centre, investigatorblinded clinical trial to compare the efficacy of an OP REH versus a HEP. Participants will be randomised in a 1:1 ratio. The exercise intervention will occur for 12 weeks. 33 The study protocol is outlined in figure 1 .
All eligible participants will have the aims, methods and potential adverse events explained to them by the study investigators prior to signing informed consent. Recruitment will occur until sample size requirements are met (anticipated duration of recruitment 1-2 years).
Randomisation will occur after screening (see below) and will be carried out using a minimisation scheme to achieve balance by research site and presence of connective tissue disease-associated PAH, as this particular cohort of patients with PAH has a worse prognosis 7 as mentioned previously. Randomisation will be carried out by an independent biostatistician using a customised programme for minimisation (QMinim). 34 The participant will be allocated to either control (HEP) or the intervention (OP REH). Administrative staff not involved with the project will inform participants via mail regarding their allocation group.
Participants will not be blinded to the intervention. However, assessments and data analysis will be carried out by blinded investigators.
Outcome measures
Cardiac MRI cMRI was chosen as it is the 'gold standard' for assessing right ventricular structure and function. 35 cMRI studies will be performed using a single 1.5 Tesla (T) MR system (Philips) and 3T (Siemens Healthcare, Germany). A complete stack of short axis images will be obtained during breath-hold and cardiac gating for cine, and late gadolinium enhancement (LGE) imaging. LGE imaging will be performed as previously described 36 using a T1-weighted phase-sensitive inversion recovery sequence ∼8 min after intravenous administration of a contrast agent (Gadoterate meglumine-Gd-DOTA, Dotarem, Guerbet LLC, France; 0.15 mmol/kg body weight). Imaging parameters will be the same as previously published. 37 All cMRIs will be analysed using Resting PCWP or LVEDP≤15 mm Hg 3.
Stable PAH-specific medication in the preceding 3 months 4.
Female participants of childbearing potential must have a negative pregnancy test and agree to use contraception for study duration.
LVEDP, left ventricular end diastolic pressure; mPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; PAH, pulmonary arterial hypertension; PVR, pulmonary vascular resistance; RHC, right heart catheterisation. CMR42 software (Canada), as previously described, 38 by the investigators blinded to participant randomisation group.
Right heart catheterisation Standard haemodynamic parameters measured by RHC 10 were chosen as a secondary outcome measure based on the known impairments in PAH and previous noted improvements with inpatient rehabilitation in the cardiac index, mPAP and PVR. 20 RHC will be performed according to a standard protocol 10 by trained cardiologists who are blinded to the participant's randomisation group.
Frailty and exercise capacity
As skeletal muscle weakness is a known complication of PH, [39] [40] [41] [42] [43] DHGS will also be included as a secondary end point. In addition, decreased hand grip strength (HGS) has been noted to be associated with increased all-cause mortality. 44 DHGS will be measured by a physiotherapist blinded to the participant's randomisation group (using a Jamar Hydraulic Hand Dynamometer, Sammons Preston, Canada).
Exercise capacity, as measured by 6MWT, has been widely used as an outcome measure in trials of exercise training and pharmacological management of PAH. This study will assess whether the increase in 6MWT seen with previous trials 45 46 will be able to be reproduced with an outpatient programme. Exercise capacity will be measured by a trained assessor (who is blinded to the study randomisation). All participants will be assessed undertaking two supervised 6MWTs separated by a rest of at least 30 min, in accordance with European Respiratory Society/American Thoracic Society technical standards. 47 Questionnaires of function and QOL Mental health disorders are very common, with ∼35% of patients with PAH suffering depression and anxiety. 48 Depression and anxiety in patients with PAH is associated with reduced QOL. 49 While reduction in health-related QOL is well documented in PAH, the focus of these studies have been on physical function, mental health and social isolation, 50 with less emphasis on activities of daily living. We have therefore included a short questionnaire of daily activities (Lawton's IADL) which looks at other household tasks/roles. 51 All study participants will complete three questionnaires at baseline, 12 Blood test markers of cardiac function and inflammation N-terminal fragment (NT-proBNP) and IL-6 were included as outcome measures for their prognostic value in PH. 56 57 NT-proBNP is the inactive N-terminal component produced when the ventricles secrete a prohormone, pro-BNP that is cleaved into an active form (BNP) and an inactive fragment (NT-proBNP). 58 NT-proBNP is a clinically useful and minimally invasive test that correlates well with survival. NT-proBNP values >1400 to 1700 were associated with a poorer prognosis. 59 IL-6 is a marker of inflammation that adds further prognostic information in patients with PAH. 57 Blood samples will be collected at baseline, weeks 12 and 26 follow-up visits in serum separator tubes for analysis.
Lung function
Respiratory muscle weakness is a known association with PAH. 60 61 A previous study of inspiratory muscle training (IMT) in patients with PAH has demonstrated significant improvements in respiratory muscle strength, functional capacity, and dyspnoea and fatigue perception. 30 Vital capacity is useful for monitoring respiratory muscle weakness. 62 Therefore, all participants will undergo vital capacity testing to ascertain whether OP REH improves respiratory muscle weakness. We did not include direct measures of respiratory muscle strength (maximum inspiratory pressure and maximum expiratory pressure) due to financial constraints and safety concerns in this population.
Assessment

All participants will undergo the following assessments:
The medical screening visit Participants will have eligibility reviewed, demographics (age, gender, aetiology of PAH), WHO Functional PH Class, medical history, physical examination and informed consent (if eligible) documented. Eligible participants will undergo cMRI, RHC, lung function tests (vital capacity) and venepuncture for cardiac markers (NT-proBNP and IL-6). Candidates who fail to meet inclusion criteria, or fulfil exclusion criteria will have the reason for study ineligibility documented.
Baseline visit
Participants will return for the baseline visit to review results. Participants will also have a separate visit with a trained assessor (who is blinded to the study randomisation) to undergo two supervised 6MWTs separated by a rest of at least 30 min, in accordance with international guidelines. 47 DHGS will be recorded, and participants will complete QOL and function questionnaires as described previously. Participants will then be randomised as outlined above.
Visit 1 (week 12-14)
Participants will undergo medical review including physical examination at completion of the intervention period after week 12. Adverse events will be recorded, and any clinical episodes (change in PAH-specific medication or hospitalisation secondary to PAH) will be documented. Participants will undertake two supervised 6MWTs by a blinded assessor, have DHGS measured and complete the three study questionnaires, as before. Participants will also undergo cMRI, RHC, lung function tests and venepuncture for cardiac markers (NT-proBNP and IL-6).
Visit 2 (week 26)
Participants will undergo medical review, including physical examination. Any adverse events will be recorded, and any clinical episodes (change in PAH-specific medication or hospitalisation secondary to PAH) will be documented. Participants will undertake two supervised 6MWTs by a blinded assessor as before. Participants will undergo venepuncture for serum cardiac and inflammatory biomarkers. Participants will have assessment of DHGS and complete the three QOL questionnaires as in visit 1.
Interventions
Exercise:
Intervention (OP REH) All participants randomised to this group will undertake physiotherapist-supervised, outpatient hospital based, group exercise training for 1 hour/week, twice weekly, for 12 weeks, with the following components: 1. Endurance training Twenty minutes of lower limb endurance training by walking or cycling. Participants will start at a speed of 60% of the speed of their 6MWT. If a participant chooses to cycle instead of walk, then intensity will be based on an initial level of light-to-somewhat hard exertion using the Borg Rating of Perceived Exertion (RPE) 63 at a level of 12-13). If participants are unable to complete 20 min of lower limb endurance training, they will increase duration by 5 min each time until able to complete 20 min total. During the exercise training class, participants' heart rate (HR) will be monitored via portable HR and oxygen saturations machine. HR will be kept <120 bpm, as per current recommendations. 64 Participants' oxygen saturations (O 2 sats) will be kept >88% on room air, as per recent international guidelines. 65 Progression of training will occur by increasing the treadmill gradient by 1% on each visit, or increase speed by 5% each week, as tolerated, maintaining an intensity of 12-13 on Borg RPE, if HR and O 2 sats are able to be maintained within the range as stated above.
Respiratory muscle training
During the exercise training group sessions, all participants will undergo RMT taught by a physiotherapist. Training will involve education at the first intervention visit regarding breathing techniques to manage symptoms ( pursed-lip breathing and diaphragmatic breathing). All subsequent sessions will include 10 min of supervised IMT using individual IMT devices (threshold IMT positive inspiratory pressure device, Phillips). Ideally, maximal inspiratory pressure (MIP) should be measured by formal lung function tests. However, these tests are expensive, and may be difficult for some patients to undertake. Even without formal MIP, IMT training can be prescribed, using the Borg RPE at a target of RPE 12-13. 66 The benefit from IMT is seen at levels as low as 30% of MIP. 67 Training at a Borg RPE of 12-13 correlates with ∼40% of MIP. 66 
Strength training
To achieve benefit, strength training needs to occur at repetitions of 50-80% of the one repetition maximum (1RM), at least two to three times per week. 65 If the 1RM is difficult to obtain, we will alternatively use a weight that the participant can only lift 10 times. 23 Strength training of the upper limbs and lower limbs will occur twice weekly at the supervised training sessions for a total of 20 min. Initial intensity will be based on the 1RM, and increased by 10% of load once the participant is able to perform two sets of 10 repetitions on two consecutive training sessions. 68 Upper limb exercises will include dumbbell row, seated chest press and lateral arm raise. Lower limb strength training exercises will include step ups and sit to stands.
HEP at week 3
Participants will be given a HEP, consisting of instructions to walk 3 days/week for 30 min total per day, in addition to attending the twice weekly classes with the physiotherapist. Participants will also be provided with their own IMT device as described above, and given written instructions on undertaking IMT training for 30 min per day for 5 days/week. Participants who desaturate to <88% on room air (RA) while exercising (as determined during their exercise class) will be given a modified HEP of interval training. This will consist of advice to walk for 1 min then 1 min of rest, initially for 15-20 min for the first four sessions, then increasing to 45-60 min (including rest time). 69 All participants will be advised to cease their exercise programme until review by their physiotherapist if they become symptomatic (feel unwell, dizziness, light headedness, dyspnoea).
Control group (HEP)
Participants randomised to the HEP will be given written material recommending a walking programme for 5 days/week for 30 min total per day. This can be broken up into smaller sessions per day to make it more achievable (eg, walking for 10 min, three times per day). Advice will be provided on how to stay motivated, as well as a diary to record exercise undertaken.
Psychology intervention Intervention group (OP REH)
The OP REH group will also have standardised individual counselling support for three sessions (20 min sessions) via telephone by the study psychologist during the 12-week intervention. This will be structured as follows: Session 1: education on how to manage hyperventilation and anxiety during breathlessness. 70 Session 2: structured cognitive-behavioural therapy to manage dyspnoea. This will involve education and challenging of catastrophic thoughts. 71 Session 3: skills training. This will involve education and practice in progressive muscle relaxation. 72 Participants will be given written instructions (as well as verbal instructions) regarding how to do this.
Control group
The control group will not receive any psychology input as part of the study protocol.
Adherence
The intervention group will have attendance at each exercise session recorded by the treating physiotherapist. The intervention and the control groups will both be given a diary to record their home activity level. Participants who have completed >70% of sessions (including self-documented HEP) will be deemed to have completed the programme.
Withdrawal criteria
Participants may voluntarily withdraw from the study at any time, or if they experience a serious adverse event (SAE) that is associated with an exercise session (during or up to 24 hours postintervention). An SAE is defined as an untoward medical occurrence that results in any of the following: death, a life-threatening event, inpatient hospitalisation, persistent or significant disability/incapacity, and a condition requiring medical or surgical intervention. Other adverse events (defined as any unfavourable and unintended sign, symptom or disease temporally associated with any of the investigations or the intervention), such as failure to progress according to protocol, syncope and presyncope will also be recorded. Participants may also be withdrawn if the designated blinded medical assessor at the participant's site deems it unsafe for them to continue with the study.
Data collection, confidentiality, storage and archiving of study documents All personnel involved in data collection will be blinded. Study documents will be de-identified and stored for 15 years, as per protocol for non-clinical trial notification (CTN) interventional studies. 73 Data will be stored electronically, on double password-protected computers. Data on paper (the Clinical Research File) will be stored in a locked, secure office. The principal investigators will have access to the final trial data set. 
Analysis of outcome measures
Statistical considerations
Sample size calculation Power calculations are based on comparison of randomised arms achieving the primary outcome of an increase in RVEF. We consider a 5% absolute excess increase in RVEF, measured by cMRI, for the intervention group compared with the control group as the desired clinically important effect to be detected. 74 This increase corresponds to at least a 14% improved outcome for the intervention group, in conjunction with no improvement in the control group within a population of patients with an average RVEF of 35%. 75 Although measurement of RVEF by cMRI has high reproducibility, 76 we will minimise bias by conducting analyses of cMRI by the same investigator. 75 76 In our power calculation, we have incorporated 6% SD for both SD of changes compared with baseline and measurement variability at the time of follow-up, reported by Addetia et al. 75 Using two-sided normal test with a significance level of 5% based on clinical equivalent design 77 and potential 10% drop off, 26 patients in each arm are required to detect a 5% excess increased RVEF associated with intervention versus control group with a power of 80%. Our power calculation is comparable to other published papers calculating sample size required for cMRI and RVEF trials. 62 76 
Analysis populations
The primary and secondary end points A-D will be assessed in the intention-to-treat study population, defined as all participants who are randomised according to their randomised arm. In this analysis, participants missing their primary end point data for any reason will be imputed as failures for binary end points, and will have their previous observation carried forward for continuous end points. The primary end point will be analysed as per protocol analysis (this excludes participant data from the time at which they cease their randomised intervention). Secondary end points E-G will be assessed in a per protocol population, using available data.
Results analysis
Results will be analysed using STATA V.13 (StataCorp), SAS (Cary, North Carolina, USA) or R V.3.2.2 (R Core Team, Austria). Primary outcome and participant continuous characteristics will be compared between two randomised arms using a t-test or Wilcoxon test, as appropriate. Binary end points and categorical characteristics will be compared using a χ 2 or Fisher's exact test as appropriate. In case of differences in baseline characteristics across arms, adjusted characteristics effects on outcomes and their changes over time points will be evaluated using generalised linear models or non-parametric equivalents. Adherence to intervention will be described based on data in the participant diary. Participants will be deemed to have completed the intervention if their total (attendance and self-recorded home diary) adherence is >70%. For QOL questionnaire components with categorical cut-offs (the DASS21) the proportion of participants in each category at each visit will be compared by randomised arm. As the CAMPHOR and Lawton's IADL are ordinal scales, ordinal-based tests and regression modelling or nonparametric equivalents will be used.
DISCUSSION
To the best of our knowledge, the ExPAH study will be the first RCT to measure both haemodynamics and cMRI parameters. It is hypothesised that the data obtained will define reverse cardiac remodelling (defined by an increase in RVEF) as a mechanism that is important in the improvement observed in patients with PAH following exercise training.
Secondary outcome measures will also measure the effect of an OP REH on HGS and exercise capacity, QOL, depression, stress and anxiety, cardiac biomarkers and vital capacity. While these outcomes are all of clinical relevance, such a comprehensive data set requires significant time commitment by participants. This may limit recruitment, adherence and attendance.
Pragmatic approach There was some debate regarding which exercise components should be included. However, we were determined to design an exercise intervention with broad generalisability within a 'real-world' setting of limited therapy time and resources.
The results of this study will assist in guiding clinical practice regarding the type of exercise, duration and frequency that is of benefit in patients with PAH.
